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ABSTRACT 

"5?  An  explanation  of  the  effect  of  meteorological  conditions  on  the 
path  of  the  sonic  boom  is  presented.  Areas  covered  by  sonic  booms 
resulting  from  aircraft  flying  at  various  Kach  numbers  and  dive  angles 
are  shown,  taking  standard  atmospheric  gradients  into  account.  Cal¬ 
culations  3re  giver,  for  the  effect  of  the  jet  stream  as  well  as  ordinary 
winds  on  the  sonic  boom.  «b— 
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Observations  have  shewn  that  meteorological  conditions  modify 
the  path  of  sound  and  shook  waves,  sometimes  to  a  considerable  extent-. 
Acoustic  theory  has  been  successfully  applied  to  determine  where  the 
blast  waves  from  large  explosions  will  strike,  Reference  (1),  More 
recently  this  theory  has  been  applied  to  sonic  booms  by  British  investi¬ 
gators,  Reference  (2),  The  object  of  this  report  is  to  present  briefly 
the  physical  principles  which  are  involved.  These  principles  are 
applied  to  determine  the  areas  covered  by  sonic  boons  generated  by  air¬ 


craft  flying  at  various  altitudes,  Mach  numbers,  and  dive  angles,  taking 


the  standard  atmospheric  gradients  into  account;  that  is,  modifications 
to  Reference  (3)  which  treats  c~ly  the  homogenous  atmosphere.  In 


addition,  the  significant  effect  of  ordinary  winds  as  well  as  the  jet 
stream  on  the  path  of  a  sonic  boom  is  presented. 


I 
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II.  k:s 

The  na.lor  elerr.enta  of  weather  affecting  the  path  of  sound  rays 
or  rays  of  the  weak  shock  wav:  •  which  constitute  the  scric  boom.  are 
the  vertical  gradients  cf  temp.,  mature  and  wind. 

The  imr.ediatc  effect  cf  temperature  is  tc  change  the  speed  cf 
the  ray  and  consequently,  as  will  be  shown,  its  direction.  The 
relationship  cf  the  speed  cf  sauna  to  temperature.  Reference  (1) ,  is 
given  by 


c  “  35.9c  a  t' 


(1) 


v..ere  c  *  socvt  c.  sound  m  rcnc.o 


X  »  temperature  in  decrees  Kelvin. 


Tm.e  correction  to  speed  of  the  sound  because  of  fcusidity  nay  be 
ca„cu_atc-  cy  a  .  crouva  o.  ne.ercnce  t«*>. 

A  useful  oporoad  nation  to  the  vertical  gradient  of  the  speed  of 
sound  for  the  standam  atmosphere  is  giver,  by 


O’*  s  -f  5.21 


(2a) 


:  7  5.51 


(2b) 


where  c»  •  itsei  of  sound  or.  the  ground,  knots 
«* 

k  •  l..v  mats  per  nautical  ail*  altitude 
z  -  heigat  above  ground  in  nautical  miles 

*  r»c  cc 5..1  nautical  miles  corresponds  to  35*390  feet  of  the 
:i.;0  a vo sphere. 


*  • 
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In  order  to  simplify  the  analysis,  the  effect  of  temperature 
gradient  with  r.o  wind  is  considered  first  and  followed  by  the  case 
wherein  addition  to  the  temperature  gradients  vertical  wind  gradient 
exists - 


different  sound  speed  is 


;rr.ji  by  inell’s  lav  which  map  ':j. 


as 


(3) 


where  C-  ■  the  -r.gle  a  ray  r^<*kcs  ul  wf*  »G  normal  in  the  reference 

V  * 

region  cf  air 

c.-  •  speed  of  sound  in  the  reference  region 

;  •  the  angle  a  ray  makes  with  the  normal  in  an  arbitrary 
air  region 

c  •  speed  of  sound  in  an  arbitrary  air  region 

A  •  c,t  esc  if  -  •  const:. 

If  cne  ta:es  as  the  reference  region,  the  region  where  a  sonic 
boo*  originates,  5 .  ■  Kach  angle,  so  that  A  •  X  Cj,  where  X  is  the  Kach 
number. 

As  in  optics  one  may  draw  the  following  conclusions  fro*  equation 
(3)t  tl)  as  e  dec  eases,  the  angle  .y  which  the  ray  makes  with  the  noraal 
decreases,  so  that  .he  ray  is  bent  towards  the  cental)  (2)  oonversely. 


h 
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as  c  increases,  the  ray  is  turned  away  from  the  normal;  (3)  as  c 
increases  so  that  the  absolute  value  c:'  c/A  passes  through  unity, 
total  reflection  will  occur;  (1)  if  -the  value  of  is  zero  no 
refraction  will  occur. 

The  displacement  y  along  the  projection  of  the  line  of  flight, 
at  an  altitude  z  is  found  from  the  relations 

y  -  z  tan^p;  z?  5.31  (Ua) 

dv  _  .  _ 

*  tan 


z^  5.31 


and  equations  (2)  and  (3)  giving 


y  -  (h-5.8i)  tan  ^  +  jj~  -  (575.1a)2  ^  *  -  [a2  -  (cg  -  kz)2]  ^  (5a) 

z  3>»  5.81 

-  r A2  -  (c  -  kz)2  !  0^z<r5.8l  (5b) 

J>'  V  “  i—  ~ '  j 


where  h  *  altitude  at  which  sonic  boom  originates  in  nautical  miles. 

The  origin  of  the  coordinate  system  is  chosen  on  the  ground  directly 
below  the  point  where  the  sonic  boom  originates. 

From  equations  (5)  one  sees  that  in  the  isothermal  region  of  the 
standard  atmosphere  the  rays  will  be  simply  straight  lines  and  below  the 
isothermal  region  the  rays  will  follow  circular  paths.  Paths  of  such 
rays  are  shewn  in  Fi mires  (l)  and  (2).  Due  to  the  convenience  of  choosing 
different  units  for  abscissa  and  ordinate  the  paths  do  not  appear  circular. 
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In  order  to  determine  the  effect  of  the  standard  atmosphere  on  the 
area  covered  by  a  sonic  boon  one  first  examines  the  cone  of  rays  formed 
when  a  sonic  boom  is  generated.  In  Figure  (3),  a  sketch  of  the 
geometry  is  shown.  In  an  isothermal  atmosphere  a  ray  originating  at 
A  making  a  Mach  angle  ;  with  the  vertical  would  intersect  the  ground 
at  the  point  B.  Due  to  the  standard  atmospheric  gradient  the  point 
B  will  be  displaced  to  the  point  B*.  The  displacement  OB*  is  found 
by  equation  (5).  To  find  the  angle  i,  that  is,  the  angle  a  plane  thru 
A  B  and  the  vertical  axis  makes  with  the  vertical  plane  thru  the'y  * 
axis,  one  notes  that 

tan  i  *  (6a) 

'  s  T&s-y^-  -  h  (6b) 

x0  "  (s2  -  y02  *  h2)2  (6c) 

where  x0  and  y0  are  the  lateral  and  horizontal  displacements  for  the 
isothermal  conditions,  and, 

»  Mach  angle 

T  -  dive  angle  of  the  aircraft 
$  -  length  of  isothermal  ray  from  A  to  ground. 

Then  the  lateral  displacement  is  given  by  the  expression  X  ■  0  B'  sin  i; 
and  the  displacement  along  the  track  by  y  ■  0  3'  cos  i. 
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To  this  point  the  analysis  considers  the  displacement  of  the  sonic 
boom  on  the  ground  as  a  result  of  the  atmospheric  temperature  gradient. 

No  attempt  is  made  to  calculate  the  effect  on  the  pressure  level.  For 
completeness,  the  pressure  distribution  on  the  ground  for  a  M  «  1.05 
aircraft  at  several  altitudes  (60  degree  dive)  in  an  isothermal  atmos¬ 
phere  is  shewn  in  Figure  h.  This  figure  is  reproduced  from  Reference  (3). 
With  the  aid  of  the  above  analysis,  the  effect  of  a  standard  atmospheric 
gradient  on  the  ground  location  of  a  sonic  boom  produced  by  an  aircraft 
has  been  computed..  The  flight  conditions  selected  for  the  computations 
here  are  identical  to  those  used  in  Reference  (3).  The  reason  for  this 
selection  is  that  the  reader  can  readily  see  the  modifications  produced 
by  a  real  atmosphere  to  the  sonic  boom  patterns  of  an  isothermal  atmos¬ 
phere.  The  graphic  results  of  the  present  calculations  are  shown  in 
Figures  5-22  and,  the  results  for  the  isothermal  atmosphere  are 
reproduced  in  Figures  $A  -  22A  as  overlays. 

B.  Effect  of  Wind 

The  path  of  a  ray  in  a  real  atmosphere  where  wind  and  temperature 
gradients  exist  is  more  complicated  than  where  temperature  gradients 
alone  exist.  The  simple  optical  analogy  no  longer  holds.  The  ray  is 
no  longer  normal  to  the  wave  front  and  suffers  a  displacement  due  to 
the  wind  vector.  By  Kuygen's  principle,  see  for  example  Reference  (5), 
it  may  be  shewn  that 

tan  0  -  tan  0  ♦  ^  sec  0  (7a) 
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sin  0  -  j  *n  %  _  -A  (7b) 

ci  *  sin  ®i  (Uj[  -  u)  A 

triers  A  -  cA  esc  ♦  u^  ■  const. 

0  •  angle  a  ray  makes  with  the  normal  axis 
©  ■  angle  the  wave  makes  with  the  horizontal  axis 
u  -  horizontal  component  of  the  wind  in  the  direction  of  the 
horizontal  component  of  the  ray 

The  subscript  "i"  refers  to  the  region  of  reference  (i.e.  for  the  sonic 

boom  the  altitude  at  which  it  originates) .  Also  with  reference  to  the 

sonic  boom,  0^  equals  the  Mach  angle. 

For  zero  wind  gradient,  equations  (7)  reduce  the  Snell's  law  discussed 

above.  From  equation  (7b),  one  sees  that  total  reflection  occurs  when 
the  absolute  value  of  the  right  side  of  the  equation  increases  and  passes 
through  unity.  However,  the  deviation  of  the  ray  from  the  normal  now 
depends  on  the  ratio  of  the  wind  to  the  speed  of  sound. 

If  ©^  and  ©  are  close  to  90°,  i.e.  for  the  case  of  almost  glancing 
incidence,  a  useful  approximation  for  estimating  the  effeot  of  wind  is 
given  in  Reference  (1)  by  the  expressions 

tan  ff  »  tan  0  (8a) 

sin  0  •  SjH  (8b) 

The  horizontal  displacement  y  relative  to  the  origin  can  be  found 
from  integral  y  ■  J  tan  0  ds  (9a) 
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Since  in  equations  (*f)  the  wind  end  sound  speed  depend  on  the  altitude 
one  nay  set 


*  ’£a-«)*  -  o23*  *  o  (A-a) 


C(A-u)^  -  023  ^ 


f  (*)  (9b) 


and  substituting  into  equation  (9a) 
y  f  (s)  d* 


(9c) 


The  approximation  by  equations  (8)  lead  to  analytic  solutions 
of  the  forn  given  by  equation  (5). 

For  a  real  atmosphere,  numerical  methods  of  integration  are  required 
to  find  the  path  of  a  ray  from  equation  (9c).  Usually  the  quantities  u 
and  c  entering  into  the  function  f  (s)  are  derived  from  meteorological 
observations  or  predictions  of  wind,  temperature  and  humidity  at  specified 
altitudes.  Intermediate  values  of  u  and  c  at  other  altitudes  may  be  found 
by  interpolation  from  the  given  data.  For  sonic  boom  calculations  it  is 
usually  adequate  to  evaluate  the  function  f  (s)  at  1000*  intervals  and  to 
apply  Simpson's  rule  of  integration.  Sometimes  the  function  of  f  (s)  may 
became  difficult  to  evaluate  accurately  in  a  certain  region  due  to  the 
quantities  A-u  approaching  c  in  value.  In  that  case,  one  notes  from 
equation  (7b),  that  this  is  the  case  of  glancing  incidence  and  conse¬ 
quently  equations  (8)  may  be  used  to  get  an  analytical  solution  for  the 
region  in  question.  The  graphic  results  of  several  wind  profiles  are 
shown  in  figures  1,  2  and  23. for  both  the  standard  teaperature  gradient 
and  Isothermal  atmosphere  and  for  a  variety  of  Mach  numbers,  altitudes 
and  dive  angles.  . 
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III.  DISCUSSION- 

The  effeet  of  a  standard  temperature  gradient,  considered  alone, 
on  a  sonic  boon  produced  by  an  aircraft  is  to  alter  the  ground  pattern 
from  that  expected  for  an  isothermal  atmosphere.  The  effect  differs 
considerably  for  the  flight  conditions  of  the  aircraft.  At  the  lowest 
aircraft  speed  considered  here,  M  -  1.05,  the  patterns  are  displaced 
in  the  forward  direction  and,  extended  in  the  lateral  direction.  For 
the  1*5°  dive  angle  case  at  M  -  1.05,  the  effect  of  temperature  is  to 
distend  the  pattern  sufficiently  so  that,  far  an  altitude  of  ij0,OOO  ft. 
the  pattern  is  open  in  the  forward  direction.  At  higher  speeds,  the 
primary  effect  is  to  limit  the  coverage  of  the  sonic  boom  on  the 
ground;  that  is  for  most  flight  conditions,  the  temperature  gradient 
produces  a  closed  figure  whereas  for  the  isothermal  atmosphere  the 
patterns  are  essentially  parabolic.  For  the  case  where  the  aircraft 
makes  a  vertical  dive,  the  circular  pattern  remains  unchanged,  however, 
the  area  covered  by  the  boom  is  enlarged  as  a  result  of  a  temperature 
gradient. 

The  effect  of  wind  depends  on  the  ratio  u/e;  that  is,  the  relative 
strength  of  the  wind  to  the  sonic  ray.  When  the  ratio  is  much  less 
than  unity,  the  effect  of  the  wind  is  small,  however,  under  certain 
conditions  the  effect  of  a  wind  gradient  can  be  significant,  when 
considered  in  conjunction  with  a  temperature  gradient.  In  Figure  1, 
the  results  for  an  isothermal  atmosphere  and  standard  temperature 
gradient  are  shorn. 
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For  an  aircraft  in  level  flight  at  an  altitude  of  20,000  feet 
and  a  Mach  number  ■  1.05,  the  effect  of  the  real  atmosphere  is  to 
deflect  the  sonic  boon  from  the  ground.  If,  however,  a  wind  profile 
exists,  like  the  one  shown,  the  rays  will  be  deflected  back  to  the 
ground,  A  similar  effect  is  shown  in  Figure  2,  Here,  the  wind  pro¬ 
file  has  a  shear  or  change  of  direction  at  11,000  feet.  When  the 
wind  is  in  the  same  direction  as  the  ray  the  deflection  is  increased; 
however,  below  11,000  feet  with  the  wind  in  the  opposite  direction, 
the  ray  is  deflected  sufficiently  so  that  it  now  touches  the  ground. 

In  Figure  23,  the  results  are  presented  for  a  high  altitude  Jet 
stream.  (The  wind  profile  presented  is  a  recommended  standard  for 
aircraft  design  by  the  U.  S.  Air  Force.)  The  high  velocity  wind  of 
the  Jet  stream  produces  a  major  effect  on  the  displacement  of  the 
sonic  boom;  almost  a  factor  of  two,  about  8.5  miles  vs.  13.8  miles. 

If  the  wind  direction  is  opposite  to  the  ray  direction,  the  boom  would 
be  displaced  to  the  left  of  the  no  wind  curve  on  the  chart. 


U. 


RRSY-60-21* 


IV.  CONCLUSIONS 

1.  Correct  prediction  of  the  occurence  of  sonic  booms  requires 
incorporation  of  primary  atmospheric  effects,  temperature  and  wind. 

2.  When  standard  temperature  gradients  are  considered  alone,  the 
variations  in  ground  coverage  area  of  the  sonic  boom  are  functions  of 
aircraft  speed,  aircraft  altitude  and  angle  of  aircraft  trajectory 
(dive  angle).  In  general,  the  initial  point  of  the  sonic  boom  is  pro¬ 
jected  somewhat  forward  of  and  the  lateral  spread  is  greater  than  for 
a  homogenous  atmosphere.  A  more  significant  effect  occurs  for  speeds 
greater  than  M  •  1.5;  whereas  for  the  homogenous  atmosphere  the  shape 
is  parabolic  (open  ended)  the  area  covered  by  the  sonic  boom  in  s 
standard  atmosphere  is  a  closed  figure,  compare  Figures  13  and  13A. 

3.  The  effect  of  a  vertical  wind  vector  profile  on  the  path  of 

a  shock  ray  can  be  pronounced;  that  is,  offset  the  effect  of  the  tempera¬ 
ture  gradient  or  accentuate  it,  as  shown  in  Figures  1  and  2  respectively. 

U.  In  the  event  a  high  wind,  like  the  jet  stream,  exists  aloft  it 
can  displace  the  initial  point  of  the  sonic  bang  by  several  miles,  see 
Figure  2lu 

5.  In  the  case  of  a  cross-wind  profile,  the  patterns  shown  in 
Figures  5  -  22  can  be  displaced  above  or  below  the  horiscntal  axis* 
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speed  of  sound  st  any  altitude 
speed  of  sound  on  the  ground 
speed  of  sound  at  altitude  of  reference 
altitude  of  aircraft 

angle  that  the  plane  thru  an  isothermal  ray  and  the  vertical 
axis,  cakes  with  the  vertical  plane 
gradient  of  speed  of  sound  with  altitude 
length  of  an  isothermal  ray 

component  of  wind  along  horizontal  axis  in  the  place  of  the 
line  of  flight 

component  of  wind  along  horizontal  axis  in  the  pine  of  the 

line  of  flight  at  reference  altitude 

coordinates  of  a  point  for  which  the  XT  plane  is  the 

horizontal  and  the  TZ  plane  the  vertical 

coordinates  of  conic  section  determined  by  the  horizontal 

plane  and  the  cone  of  isothermal  rays 

constant  appearing  in  Snell's  1  or,  a*  well  a a  when  speed  of 

wind  is  considered. 

temperature  in  degreea  Kelvin 

Kach  number  of  airplane 

dive  angle  of  airplane 

angle  the  sound  or  shock  wave  makes  with  the  horlsontal  axle 

ancle  that  a  ray  makes  vita  the  normal 

angle  that  the  raj  makes  with  the  normal  at  the  reference 

altitude 
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